The use of electron beam accelerator systems is prevalent in industrial processing applications including cross-linking of polymers such as wire and cable insulation, curing of inks and coatings, food packaging, medical product sterilization and waste treatment. These applications require electron beam energies and currents which are enabled by a wide variety of conventional accelerator architectures [1] [2] .
I. INTRODUCTION
The HAWK facility at Sandia National Laboratories has explored the use of electron beam accelerator technology for a range of programs over the last several decades. A multiyear collaboration with Princeton University, MSE Technology Applications and the Department of Defense was initiated to develop long runtime hypersonic ground test facility concepts enabled by electron beam accelerator technology.
This application space required the development of a system cable of delivering approximately 200 MW of electron beam power at an energy of 2-3 MeV for approximately one second. The beam power required in this concept exceeded the combined output power of the approximately 1000 industrial accelerators installed worldwide.
The need for ground based missile-scale test capabilities above Mach 8 led to modifications of the HAWK electron beam accelerator approximately a decade ago. The high Mach number, pressure, and temperatures involved in long runtime hypersonic flows cannot be achieved through conventional isentropic expansion concepts due to the limitation of high pressure, high temperature plenum and nozzle materials. The RDHWT/MARIAH II program was initiated to develop radiative energy addition concepts using electron beams to overcome limitations in facility materials. Electron beams were demonstrated to efficiently inject energy into the supersonic flow region of conventional isentropic wind tunnel concepts. Early experiments used foil and plasma windows at the output of the accelerator which limited the beam current and duration during energy addition demonstrations. 
II. HAWK ACCELERATOR SYSTEM
In the 1970s a reactor program named the Fission Activated Laser Concept (FALCON) program was initiated to develop a nuclear driven laser [3] . This concept was based on the kinetic energy of fission fragments creating free electrons in a gas medium that ionized the gas to produce lasing.
The HAWK accelerator was developed to advance the understanding of scalable laser kinetics. The name HAWK was a natural follow-on to FALCON and is not an acronym [4] , although it has historically been written in all capital letters.
Figures 1-2 contain a block diagram, indicating the basic elements, and a photograph of the original HAWK system. These elements are housed in sulfur hexafluoride (SF6) insulated pressure vessels for high voltage (HV) operation. The negative 1 MV capacitor bank was connected through a short transmission line to the HV deck and charging system. The charging system utilizes a Van de Graaff style generator to charge the capacitor bank which in turn creates the HV for the injector and acceleration column. The HV electronics deck, which was raised to the acceleration potential, regulates the temperature of the cathode and provides the gating potential for electron extraction from the thermionic cathode. Electrons emitted by the injector passed through the acceleration column to increase the beam energy to the full charge potential of the HV capacitor bank.
U.S. Government work not protected by U.S. copyright Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.  email: gepena@sandia.gov Electrostatic confinement controlled the electron path internal to the accelerator and electro-magnets were utilized externally to guide the electron beam outside the accelerator column. HAWK was designed to deliver a 1 MeV, 2 A, electron beam for up to 1 ms in early experiments. The electron beam served as the laser pumping source and was guided into the optical laser gas cell [5] in the bottom left corner of the diagram provided in Figure 3 . Power densities of a few kW/cm 3 enabled gas ionization and light emission which was to study laser kinetics. System optimization was a key part of this research [6] [7] [8] which was supported by a 3-D Monte Carlo code called ACCEPTM [9] . The light emission and optical oscillator were tested with various gases. The 3 kW peak laser power produced as a function of pump rate and wavelength appears in Figure  4 . FALCON research continued into the early 1990s after which the HAWK system was reconfigured to support the radiatively driven hypersonic wind tunnel (RDHWT) program [10] . The goal in this program was to develop long runtime hypersonic ground testing capabilities through the use of an external energy source. The research focused on the beam-air interactions necessary for increasing both enthalpy and entropy of the gas flow. Initial concept demonstrations achieved 30 kW and 150 kW [11] [12] of external energy addition by extracting the beam through a beryllium foil window and guiding it into a high pressure nozzle as shown in Figures 5 and 6 . Figure 7 provides a view of the laser diagnostic setup utilized to characterize the discharge air. Beam bending magnets were later incorporated into the configuration to limit interactions between the nozzle exit air flow and the HAWK acceleration column and injector. Figure 8 shows a beam deflection of approximately 11 degrees during these experiments. The blue light in the center of the guiding magnets is produced by the interaction between the electron beam and air prior to entering the supersonic gas flow.
Beam energy coupling from the accelerator to nozzle exit air flow reached approximately 30% during the range of experiments listed in Table 1 . HAWK demonstrated a Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.  email: gepena@sandia.gov beam deposition power up to 112 kW without significant electrical breakdowns in the nozzle. 
III. SHORT PULSE 1 MW EXP.
The successful demonstration of greater than 100 kW of electron beam energy deposition prompted the design of a new experiment. The goals were to further decrease interactions between the gas flow and the accelerator, increase the thermal deposition by an order of magnitude, and increase the agreement between the models and the experimental results. A 45° bend in the beam at the accelerator exit helped to further mitigate interactions between the accelerator and the gas flow as shown in Figure 9 .
A number of upgrades to the integrated experiment significantly increased the thermal deposition into the gas flow. The guide magnet system was refined and a superconducting magnet was added to improve control of the beam between the exit window and the nozzle. In particular, these magnets reduced electron reflections which increased the beam energy reaching the nozzle entrance. TRICOMP [13] and CYLTRAN [9] were utilized to model the beam transport and optimize the power deposition into the nozzle. An optimized magnetic field profile was generated which required modification of the magnetic field all the way back to the cathode. Large magnets were wound around the outside of the accelerator pressure vessels, as shown in Figure 10 , to ensure that cathode electrons started on the correct magnetic flux lines to increase the transport efficiency above what was previously achieved in electrostatic configurations. Limited magnet adjustment accommodated alignment variations through the beam transport path. The beam power for this experiment exceeded the thermal limits of the beryllium extraction foil which required the development of an alternative window technology. A differential pumping system coupled with a plasma window was tested, but the performance was limited due to significant plasma interactions with the external applied magnetic field. The window was centered with the superconducting magnet pictured in Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.  email: gepena@sandia.gov Figure 11 . A pinch valve with a single-use Mylar window proved successful, eliminating the need for the more complex plasma window.
This system maintained vacuum until the beam was activated. At that time, a hole was burned in the film and the differential pumping system would maintain cathode vacuum for short durations followed by a fast valve closure. This differential pumping system enabled line-of-sight beam transport from 3 x 10 -7 Torr to 1 atm. Increased reliability and improved performance of the accelerator was achieved by upgrading the HV capacitor bank. This new design enabled delivery of increased power in the millisecond time scale with less than 20% voltage droop.
Increasing the interaction between the electron beam and supersonic gas flow in the throat of the nozzle required additional refinements to the system. This consisted of increasing the timing precision between the nozzle air discharge and the electron beam which also eliminated nozzle damage due to ablation of the stainless steel walls by the electron beam.
926 kW of beam energy was successfully delivered into the gas flow resulting in a 60 psia increase in the nozzle pressure as shown in Figure 12 . Figure 13 contains a plot of results from the range of experiments performed. These experiments led to an improved understanding of gas flow at Mach levels, exit flow chemistry, and the energy addition required to create hypersonic flight conditions [14] .
IV. 5 ms, 1 MW EXPERIMENTS
The next objective in the RDHWT program included extending the beam duration and accommodating the air flow expansion required for hypersonic wind tunnel operation. Increasing the duration also required improved beam transport efficiency to minimize energy loss to system components. The new system configuration, depicted in Figure 14 , moved the charging system and HV deck away from the injector to reduce the influence of the external magnetic fields. The capacitor bank was moved forward and connected to a new injector and a 3 MeV acceleration column manufactured by National Electrostatics [15] . Active cooling and filtration of the SF6 was added to limit internal heating and to reduce HV breakdown events. Figure 15 shows the upgraded configuration. Extending the beam durations also required a differential pumping system that could maintain vacuum pressures at the cathode with line-of site to atmospheric pressures for longer periods of time. This portion of the system was upgraded, as pictured in Figure 16 , and led to Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.  email: gepena@sandia.gov successful operations at durations up to 10 seconds. Due to this change in the system, new magnets were required to extend the transport length, increase beam transport efficiency, and to provide better control of the magnetic fields (see . Figure 17 contains a plot of measured accelerator beam current and transported current at the end of the differential pumping system demonstrating nearly 100 % transport efficiency. The installation of LabVIEW software improved the overall operational precision of the HAWK control system [16] , while new diagnostics improved the characterization of the beam profile. These diagnostics included the addition of a rotating wire wheel that passed a wire through the beam while collecting current to obtain a direct measurement of the beam profile at the exit of the differential pumping system. Figure 18 provides two sets of data from the new profiler that indicates the importance of precision beam alignment through the HAWK system. This new configuration injected approximately 1.0 MW of beam power into the supersonic gas flow. 
V. MHD EXPERIMENTS
The HAWK system architecture has most recently been reconfigured as shown in Figures 19-21 to investigate electron beam induced conductivity in air and the operation of an MHD channel. The experiment design required the removal of the injector, 3 MV acceleration column and the differential pumping system to accommodate a superconducting Helmholtz magnet pair. Beam extraction is achieved via an insulated, liquid cooled beryllium foil at the beam exit to separate the cathode vacuum from the flowing gas in the MHD channel. The insulation provides electrical isolation from the top and bottom halves of the MHD channel allowing the beam exit wall to represent one wall of the MHD channel. A new large area cathode and injector utilizing precision grid control have been designed. Initial experiments have identified challenges in the conditioning of the large area cathode in the confined space set by the superconducting magnet design. This limitation has been Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.  email: gepena@sandia.gov partially addressed by material changes but requires further cathode and injector development. 
VI. CONCLUSION
Sandia National Laboratories is home to the HAWK Accelerator Facility -a 1.5 MW electron beam system with an operating range from 100 keV to 1 MeV. This facility initially advanced electron beam pumped laser research for the FALCON program. It has evolved over several years to become a precision accelerator for wind tunnel and MHD technology development. Long duration, high-efficiency beam transport has been demonstrated into a 45 degree bend which effectively isolates the supersonic gas flow from the accelerator system components. An advanced differential pumping system has demonstrated 10 second operation which enabled an engineering path to larger scale systems needing high power line-of-sight beam transport. These MW electron beams have been deposited into supersonic gas flows increasing both pressure and Mach air flow levels. Initial configuration for MHD experiments have identified technical challenges in large area cathode conditioning in constrained geometries.
